A short-range force constant model has been applied using normal coordinate analysis to investigate the Raman and the infrared modes in multiferroic MnWO4 having space group P 2/c. The calculation of zone centre phonons has been made with eight stretching and seven bending force constants. The calculated Raman and infrared wave numbers are in good agreement with the observed ones. The potential energy distribution has also been investigated for determining the signicance of contribution from each force constant toward the Raman and the infrared wave numbers.
Introduction
Multiferroic materials have recently attracted much attention due to their unique magnetic and electric properties, i.e., coexistence of spontaneous polarization and magnetization in the same phase. Simple tungstate MnWO 4 is one of the well known magnetoelectric multiferroics in which ferroelectricity is induced through the non-collinear spin structure at low temperatures [13] .
One of the advantages of studying MnWO 4 is that it has only one kind of magnetic ion (Mn 2+ ) whereas other multiferroic oxides usually have multiple magnetic ions, thus hindering investigation of their magnetic properties. With the advantage of single magnetic ion, we are provided with a clear window into the electromagnetic coupling behaviour and are able to make simple analyses of the magnetic eld dependence and spinorbit coupling eects.
MnWO 4 has also been found a prospective material for application as a humidity sensor and ecient catalyst for organic dye photodegradation in sunlight [46] .
The magnetic phases of MnWO 4 are characterized by various antiferromagnetic (AF) states such that the rst antiferromagnetic phase appears below T N3 ≈ 13.5 K. Successive magnetic phase transitions occur at T N2 ≈ 12.5 K and T N1 ≈ 6.58 K, forming three dierent antiferromagnetically ordered phases:
, and AF3 (T N2 ≤ T ≤ T N3 ). These magnetic phases have been characterized by neutron--scattering experiments, which have shown that AF1 has a collinear up-up-downdown spin structure, AF2 has a noncollinear spiral spin structure, and AF3 has a sinusoidal collinear spin structure [7, 8] . Spontaneous electric polarization occurs at AF2, which suggests that the noncollinear spiral structure might be the origin of the induced ferroelectricity in MnWO 4 . The appearance of * corresponding author; e-mail: mm_sinha@rediffmail.com ferroelectricity in AF2 phase indicates the spin lattice coupling and hence the investigation of phonons is very much important. Therefore, many attempts have been made to study the Raman and infrared phonons experimentally [912] . As per our knowledge, rst of all Iliev et al. [9] had calculated Raman phonon frequencies by using shell model but the infrared phonon frequencies have not been reported by them. Choi et al. [12] observed the infrared (TO) phonons for three dierent polarisation directions by conducting the KramersKronig analysis and reectance spectra but no assignment was proposed for these infrared phonons. Maczka et al. [10] predicted the Raman and infrared phonons for MnWO 4 with small amount of doping of Fe and Co on the basis of four-parameter model. They have also calculated wave numbers for doped MnWO 4 with the help of ionic shell model. Hence in this paper an attempt has been made to study the Raman and infrared phonons of pure form of MnWO 4 by using the short range force constant model for the rst time in P 2/c structure. For the study of zone centre phonons, 8 stretching and 7 bending force constants have been used. There is a very good agreement between the theoretical calculated values and the experimental values.
Further, our theoretically calculated values approach more closer to experimental ones than the values reported by Iliev et al. [9] . The contribution from each force constant towards the Raman and the infrared wave numbers is also determined with the help of potential energy distribution (PED).
Structure
MnWO 4 has wolframite crystal structure which belongs to group of tungstates, containing WO 6 octahedra [11, 13] . MnWO 4 crystallizes in a monoclinic structure (space group symmetry P 2/c = 13-C 2h ). The primitive cell contains two formula units i.e. contains 12 atoms in a unit cell. The structure is shown in Fig. 1 c = 4.994(1) Å, β = 91.14(2)0, V = 138.8(1) Å 3 and Z = 2 [14] . Table I represents the site symmetry, atomic coordinates [14] and the phonon contribution at the Γ point.
The total number of zone centre phonon modes present for each species of space group is
Out of these 1A u + 2B u are acoustical modes. So the active optical modes are given as
Further 8A g , 10B g are Raman active and 7A u , 8B u are infrared active modes. The present normal coordinate analysis is based on the WilsonGF matrix method and makes use of Cartesian symmetry coordinates [15] . The eigenvalue equation is given by
where F is a matrix of force constants and thus brings the potential energies of vibrations into the equation, G is a matrix that involves the masses and certain spatial relationships of the atoms and thus brings the kinetic energies into the equation, E is a unit matrix and λ which brings the frequency ν into the equation is dened by:
2 c 2 ν 2 . The matrix F was constructed by using short-range force constant model (SRFCM). The short-range forces are the forces that are eective up to certain neighbours only. Their magnitude diminishes generally after the second-neighbour inter-atomic interactions. The stretching forces between two atoms were assumed to be obeying the Hooke law. The stretching forces alone are not adequate to account for transverse vibrations in the lattice and therefore bending forces were included in the calculation. In this model bending forces are considered to arise from the resistance to the deformation of the angles of the triangles formed by atoms with its two neighbours. To evaluate the changes in the angles of a triangle, a comparison is made between the triangle in the equilibrium position and the projection of the deformed triangle onto the equilibrium plane. Potential energy includes short range stretching forces between WO2, WO1, MnO1, MnO2, O2O2, WMn, atoms and bending forces between O1MnO2, O1WO2, O1WMn, O2WMn, WO1W and MnWO1 atoms only. The input parameters used for the calculation are the lattice parameter, mass of the atoms, and symmetry coordinates. The symmetry coordinates for the Raman and the infrared modes at zone centre are given in Table II , for the rst time in monoclinic P 2/c structure. The short-range force constants are optimized to give the best t of the observed Raman and infrared wave numbers. These inter-atomic force constants so obtained are presented in Table III. 
Results and discussion
In this work we have calculated the Raman as well as the infrared modes using the force constants given in Table III . These values are compared with the experimentally determined Raman modes by Iliev et al. [9] and infrared modes by Maczka et al. [10] in Table IV . It is obvious from Table IV that there is a good agreement between the theory and the experiment for both Raman and infrared modes, establishing the present calculations. The potential energy distributions for each mode are investigated to determine the contribution of dierent force constants to various frequencies. The interpretations drawn from the PED are described below.
The [9] and Maczka et al. [10] Two dominant contributions as per PED
